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A cylindrical cavity expansion test on sand
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ABSTRACT

Cylindrical cavity expansion is one of the fundamental boundary value problems in geotechnical engineering used as a
simplified analogue to the pressuremeter test, pile driving and the Cone Penetration Test. Much of the popularity of cavity
expansion comes from the simplicity of modelling it numerically. All numerical models require verification and
validation, but doing so for cavity expansion has been limited due the relatively small amount of physical modelling of
the problem. Past cavity expansion tests in calibration chambers have often been limited in range of strains, diameter to
length ratio, and the amount and type of measurements made.

This paper describes a calibration chamber set up used to perform cylindrical cavity expansion tests in a dry fine sand.
Instead of attempting to replicate a specific application (e.g., pressuremeter test), the goal was to create a near-perfect
cylindrical cavity expansion model, with in-soil measurement of stresses and strains, to serve as baseline data for
validation of numerical models. The experimental set up is described, the material properties are summarized, and results

of a cavity expansion tests are presented and discussed.
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1. Introduction

Cavity expansion is a fundamental boundary value
problem that is seen as an analogue to many geotechnical
engineering applications, such as anchor uplift resistance
(Lee et al., 2012; Zhuang and Yu, 2018), simulate pre-
split blasting mechanism in the mining industry (Wang et
al., 2013), pile driving (Li et al., 2017; Burali d’Arezzo
et al., 2015), and tunnelling (Vrakas and Anagnostou,
2014; Liu et al., 2020). One of the main applications of
cavity expansion is the interpretation of pressuremeter
and cone penetration tests (e.g. Mayne, 1991; Chang et
al., 2001; Cudmani and Osinov, 2001; Shuttle, 2006;
Ghafghazi and Shuttle, 2008; Mo et al., 2017).

While modelling cavity expansion numerically has
been popular due to its simplicity, there are only a few
attempts at physical modelling. Such physical models can
be used for validating numerical approaches, direct
comparisons to the proxy problems, or further
understanding soil behaviour under different loading
conditions.

Zimberlin et al. (2007) examined spherical cavity
expansion by injecting a pressurized fluid at the tip of a
needle embedded in a gel, in order to quantify the
mechanical properties of naturally heterogeneous
materials. Raayai-Ardakani et al. (2019) followed a
similar approach and compared the results to numerical
simulations, in order to characterize the local stiffening
response and quantify shear modulus. Nafo and Al-
Mayah (2019) did similar work using a catheter.

In geomechanics, Wang et al. (2010a,b) examined
spherical cavity expansion in soils in a triaxial setup by
injecting water through a needle to expand a balloon,
which caused compaction of the surrounding soil. Their

purpose was to investigate the compaction grouting
process. The compaction process is considered as a
cavity expansion process in the numerical simulations.
They investigated the relation between the injection
pressure, void ratio and excess pore water pressure at
various radial distances from the injection point. The
pressure-controlled cavity expansion laboratory tests
were carried out to validate the finite element analyses.

The pressuremeter test is a particular case of
cylindrical cavity expansion with a limited length to
diameter ratio. The pressuremeter test is an in-situ stress-
strain test performed on the wall of a borehole using a
cylindrical probe that is expanded radially. (e.g.
Ajalloeian and Yu, 1998; ASTM, 2000). To obtain viable
test results, disturbance between the pressuremeter and
the soil must be minimized. Bellotti et al. (1989)
performed a wished-in installations in a controlled
laboratory environment where sand was pulvinated in
place around a pressuremeter. This installation procedure
was adopted in the current work.

Laboratory-scale pressuremeter tests have been
performed previously by several researchers (e.g. Nasr
and Gangopadhyay, 1988; Tan, 2005; Thorel et al., 2007;
Johnston et al., 2013), and shown to be efficient and
reliable.

This paper reports results from a cylindrical cavity
expansion test. A high length to diameter ratio was
created and three normal strains and stresses were
measured at a point near the cavity. The experimental set
up is described, the material properties are summarized,
and results of the test are discussed.



2. Material

The sand tested is a fine, uniformly graded, 85-90%
quartz (Sandler et al. 2023) sand from Caesarea, Israel,
referred to as dune sand. The mean grain size (Dso) is 0.28
mm, coefficient of uniformity, ¢, =1.7 and coefficient of
curvature, c. = 0.9. The specific gravity of particles, Gs,
is 2.67. The maximum and minimum void ratios emax and
emin are 0.93 and 0.55, respectively.

The critical state parameters of the dune sand (Table
1) were classified by 15 triaxial compression tests. The
tests were performed on 50 mm diameter and 102 mm tall
specimens. The triaxial testing were performed according
to procedures outlines by Manmatharajan et al. (2023).
Two preparation methods were used: air-pluviation - AP
(from different heights) and moist tamping - MT.

Table 1. Critical State parameters of dune sand

Parameter | Value Remarks
r 0.858 | “altitude” of CSL, defined at 1 kPa
A 0.061 | slope of CSL, defined on base 10
M 1.25 | stress ratio q/p’ at the critical state

3. Testing procedure

The test was performed in a cylindrical chamber with
walls acting as rigid boundaries. The inner diameter of
the chamber is 750 mm, and wall height is 510 mm. In the
centre, the height of the chamber is a maximum of 640
mm. The tank volume is 0.253 m°. Two layers of
polyethylene sheets lubricated with graphite grease in
between were placed on the inner walls to reduce wall
friction.

The specimen was prepared by carefully funnelling
dry sand into the chamber from a height of 10-30 mm.
The nominal void ratio obtained from air pluviation was
0.722, before being consolidated to 0.684 under 100 kPa.
At this void ratio, the relative density is 65% and the state
parameter is -0.064.

The chamber was filled to the chosen height, at which
point pluviation was haulted to place the in-soil
measurement sensors at a 33 mm distance from the
central axis of the cavity, in the vertical, radial, and
circumferential directions. These three directions
describe the full stress and strain tensor, assuming plane
strain conditions in the mid-height of the cavity.

After installing sensors, the chamber was filled to the
top. The specimen top surface was levelled, and a latex
membrane was placed between the sand top surface and
the tank lid. 100 kPa air pressure was applied through the
lid into the void between the lid and the membrane. The
test was performed on sand in the normally consolidated
(compressed) state.

The cavity was created by expanding a latex tube sealed
around a central pipe 7 mm in diameter and 400 mm long
(Fig. 1a). Two floating 40 mm OD Teflon donuts were
placed at both ends of the rod to confine the expanding
tube to a cylindrical shape. The starting length to
diameter ratio was 57; the highest among existing
experiments. During cavity expansion, the pressure
inside the latex tube was gradually increased. In the
experiment described in this paper, the cavity volume
was not successfully monitored, hence the cavity radius

Figure 1. Test setup: (a) cavity tube and membrane; (b) cavity
set up before specimen preparation; (c) view of in-soil
pressure sensor to measure or and in-soil strain sensor to
measure &r; (d) sensors orientation for measure 6o and €o

in the expansion is unknown. This is being rectified for future
tests.

3.1. In-soil measurements

Normal stresses in the wvertical, radial, and
circumferential directions were measured using Null Soil
Pressure Gauges (Talesnick, 2005). Null sensors are
based on maintaining zero diaphragm deflection through
a servo-controlled air pressure system (Fig. 1c and 1d).
Talesnick et al. (2014) and Talesnick and Bolton (2020)
showed that by eliminating diaphragm deflection more
accurate and representative normal soil pressures are
registered. The gauges employed had an overall diameter
of 25 mm, a sensing diameter of 13 mm, and a nominal
diaphragm thickness of 0.3 mm.

In-soil normal strains were measured using an LVDT
(linear variable displacement transducer) based sensor
(Fig. 1c and 1d). The normal strain sensor housing is
composed of two telescopic tubes: one holds the LVDT
body and the other holds the magnetic core. Each of the
two tubes are capped by a disc which forces the housing
to move together with the surrounding soil. Normal strain
was calculated by dividing the relative deformation
measured over the sensor length by the initial distance
between the discs. More details and examples of
application of these sensors can be found in Talesnick
and Bolton (2020) and Talesnick and Omer (2023).



4. Results

At the end of consolidation to 100 kPa vertical stress,
the three null pressure gauges registered 42 kPa, 46 kPa,
and 100 kPa in, the radial circumferential, and vertical
directions, resulting in a Ko value estimated to be 0.44.

Figure 2 shows the pressure applied in the cavity as a
function of time. Pressure was increased, upon reaching
a cavity pressure of 330 kPa, the pressure was reduced to
50 kPa, and then reloaded to an internal pressure of 360
kPa at which time the latex tube burst.

Figure 3 shows the stresses measured 33 mm from the
cavity center as functions of cavity pressure. The results
illustrate that as the cavity pressure increases, the radial
stress increases, and the circumferential and vertical
stresses decrease.
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Figure 2. Cavity pressure as a function of time
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Figure 3. Radial, vertical and circumferential stresses, 33 mm
from the cavity center, as functions of cavity pressure

Figure 4 shows the strains measured 33 mm from the
cavity center as functions of the cavity pressure. With the
cavity expansion, the radial strain increased as expected.
The vertical strain slightly increased in compression. The

minuscule change in the vertical strain confirms
practically plane strain conditions at the middle of the
expanding cylinder. The circumferential strain registered
was negative, implying expansion in that direction. The
unload-reload cycles in both stress and strain show
hysteresis as expected.
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Figure 4. Radial, vertical and circumferential strains, 33 mm
from the cavity center.

Figure 5 shows the volumetric strain computed from
the three measured strains, suggesting contractive,
followed by dilative behaviour 33 mm away from the
cavity.
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Figure 5. Volumetric strain as a function of deviator strain, 33
mm from the cavity center

Combining Figures 3 and 4, it is possible to plot the
radial, circumferential and vertical stresses as functions
of their corresponding strains, as shown in figure 6.

The vertical strains in Figure 6 are so small a clear
trend was not observed. The radial stress-strain curve
resemble load-unload-reload behaviour, with a stiff
unload-reload behaviour. The circumferential stress-
strain curve shows a similar trend, albeit in the negative
direction, with expansion of strains, and reduction of
stresses.
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Figure 6. Radial, vertical and circumferential stress-strain
curves, 33 mm from the cavity center

Combining measured stresses to compute the mean
effective stress p’ and deviator stress g as functions of the
cavity pressure in Figure 7. The trends are somewhat
similar. Both p’ and q start fairly soft and increase more
rapidly at higher cavity pressures. The unload-reload
cycle has the typical hysteresis shape for both p’ and q.

Figure 8 shows the stress path in the p’ — g plot. The
stress state starts at a stress ratio of q/p’ = 0.89 and
shows a drop before rising on a 4 to 1 loading path. The
unloading more or less follows the same 4 to 1 path
before turning towards the origin. Upon reloading a 2 to
1 path takes the stress state towards the starting point and
the earlier loading path and passes those along the same
2 to 1 path. The path appears to be approaching the
critical state line as the test ended.

A comparison between the vertical strain and stress in
figures 3 and 4 suggest that the loading in the middle
section of the cavity/chamber is much closer to plain-
strain than it is to plane-stress.

Figure 5 indicates that the volumetric strain in the
later stages of the test is dilative. Allthough the test is a
cavity expansion, and therefore the soil in general
expected to be compressed. At a distance of 33 mm from
the cavity center, for this specimen at 65% relative
density, dilation was strong enough to eventually
OVvercome compression.

5. Conclusions

A calibration chamber set up was developed for
cylindrical cavity expansion testing in dry sand. A cavity
expansion test was described, and stresses and strains
near the cavity were measured. It was demonstrated that
in the middle section of the cavity, near plane strain
conditions prevail. Radial stresses and strains follow the
expected trend, with a stiff unload-reload.
Circumferential stresses and strains showed expansion
conditions as expected as the radius increased.

The volumetric strains computed from the three normal
strains measured showed that the dilative tendencies of
the medium dense specimen overcame the general

compressive regime imposed by the expanding cavity at
33 mm distance from the cavity.
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Figure 7. Stress invariants as functions of cavity pressure; a)
mean stress, p’, and; b) deviator stress, g
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Figure 8. Stress paths in the p’ — g plane



The mean and deviator stresses computed from the
three normal stresses showed that the stress path at 33
mm distance follows a reasonable trend and appears to be
approaching the critical state when the test was
terminated.

Future work will include other specimen densities,
higher pressures, measurements of stresses and strains at
more distances from the cavity, an assessment of
potential boundary effects, and most importantly,
accurate measurement of cavity radius as the pressure
increases.
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